In the present work, the polyphenolic profile and content of four Teucrium species (T. chamaedrys L., T. montanum L., T. polium L., T. scordium L.) from the Macedonian flora were examined. A LC/DAD/ESI-MS n chromatographic method was optimized and 31 phenolic compounds were identified, quantified and classified into four groups: hydroxycinnamic acid derivatives (2), phenylethanoid glycosides (12), flavonoid glycosides (11) and flavonoid aglycones (6). The total phenolic content (mg/g dry herb) ranged from 28.2 (T. montanum), 30.9 (T. scordium), 35.1 (T. polium) to 52.1 (T. chamaedrys). Phenylethanoid glycosides were the predominant group of polyphenols in the studied samples contributing 60% of the total phenolic content for T. polium and T. scordium and around 90% for T. montanum and T. chamaedrys. The systematic analysis for identification and quantification of all present phenolic compounds contributes to the chemotaxonomy of the investigated Teucrium species and to the valorization based on their phenolic profiles and content.
The genus Teucrium (Lamiaceae) comprises more than 300 species of which 49 grow in Europe, mostly in the Mediterranean area [1a] . They are divided into six sections: Teucrium, Stachybotrys, Scorodonia, Scordium, Chamaedrys and Polium. Four Teucrium species have been used as medicinal herbs for over 2000 years for their diuretic, diaphoretic, antipyretic, anti-inflammatory, antispasmodic, antihypertensive, and cholagogic properties [1b,2a,b] , but mostly for their antilipidemic and antidiabetic activities [2c,3] . Many studies have been conducted to find an effective natural source of antioxidant compounds because of the complications from oxidative agents, such as autoimmune diseases, inflammation, cardiovascular disorders, arthritis, liver diseases, arthrosclerosis, cancer, and aging [4a] . In this context, several studies were carried out on the chemical composition and antioxidant properties of the essential oils of Teucrium species. Many of these oils showed phytotoxic effects [4b] and effective antimicrobial, antioxidant [5,6a] and antiphytoviral activity [6b] . Recent results have demonstrated the antimicrobial activity of Teucrium species and related it to the total phenolic content [6c].
The antioxidant activity of T. polium has also been studied and associated with its phenolic and phenylethanoid glycosides [6d], as well as to the major flavonoids present (rutin and apigenin) [6e]. T. chamaedrys var. glanduliferum Haussk has also been shown to possess a significant antioxidant activity that is well correlated to its relatively high polyphenol content [7] , as well as to the content of iridoid and phenylethanoid glycosides [8] . Different Teucrium species have also been studied as natural sources of novel anticancer compounds and the phenolic content has been correlated to the cytotoxic activity indicating that the methanolic extracts of Teucrium species are very rich sources of phenols, which may contribute to the high antiproliferative and proapoptotic activity [9] .
A thorough chemotaxonomic study of 42 European Teucrium species has been carried out with regards to the flavonoid pattern in order to establish specific flavonoids as chemotaxonomic markers for the differentiation and classification of the various species of this genus [10a] . Five surface flavonoids and 16 flavonoid glycosides have been detected in the studied Teucrium species and potential chemical markers identified and discussed. The chemosystematics of Teucrium related to flavonoids has also been reported for the region of southern Sinai, Egypt [6a] .
All these data on the phytochemical composition and correlation to taxonomy and biological activities imply the need for developing efficient analytical methods for the identification and content determination of the plant constituents, consecutively ensuring reliability and reproducibility for pharmacological and clinical research and to improve product quality control. There is an increasing demand for methods for rapid identification and characterisation of chemical constituents in herbs that will enable further bio-guided isolation and testing of the activity of specific compounds for specific activities.
In the present work, a thorough study has been made for the determination of the polyphenolic profiles and content of four Teucrium species (T. chamaedrys, T. montanum, T. polium, T. scordium) from the Macedonian flora, using HPLC coupled to UV-Vis diode array detection and tandem mass spectrometry with an electrospray ionization source (LC/DAD/ESI-MS n ). The systematic analysis for identification and quantification of all present phenolic compounds including phenolic acids, phenylethanoid glycosides and flavonoids has been carried out in order to contribute to the chemotaxonomy of the investigated Teucrium species, and valorisation based on their phenolic profiles and content.
The phenolic compounds detected in the methanolic extracts of the four Teucrium species were identified from UV absorption maxima and mass spectral data (deprotonated molecular ions and corresponding fragments and losses) using LC-DAD-MS n . The chromatographic method was optimised to enable good resolution between the different types of phenolic compounds present in the extracts of the four Teucrium species. In total, 31 phenolic compounds were identified and classified into four groups: hydroxycinnamic acid derivatives (2), phenylethanoid glycosides (12), flavonoid glycosides (11) and flavonoid aglycones (6). All retention and spectral data for the detected compounds are given in Table 1 . The UV spectra suggest that they were mainly phenylethanoid glycosides, which are acylated derivatives of ferulic acid and caffeic acid. p-Coumaric acid was found linked to flavonoid glycosides as a p-coumaroyl group. Non-acylated flavonoid glycosides and flavonoid aglycones were also detected. . The chemical structures of compounds 1 and 2 were confirmed by ESI/MS n analysis and by comparing their retention times and UV spectra with those of the standard compound.
Compound 1 had a [M-H]ion at m/z 179, which fragmented in MS 2 to m/z 161, characteristic for caffeic acid. In the mass spectrum of compound 2, an intense [M-H]ion at m/z 353 in the negative mode corresponds to 5-caffeoylquinic acid (Table 1) . Caffeic acid was previously reported by Lin et al. [11] in samples of T. chamaedrys, and 5-caffeoylquinic acid is reported in the American Herbal Pharmacopoeia for T. chamaedrys and T. canadense.
Phenylethanoid glycosides: Compounds 3-9, 12, 13, 16, 17 and 18 showed UV-Vis spectra with absorption maxima between 234-244 nm, around 288, and 332 nm and fragmentation patterns characteristic of phenylethanoid glycosides acylated with caffeic and ferulic acids, thus allowing their identification as glycosyl hydroxycinnamic acid compounds (Table 1) . The phenylethanoid glycosides identified in this investigation are shown in Table 1 .
A deprotonated molecular ion [M-H]at m/z 785 with high abundance was observed in the negative mode for compounds 3 and 5, which were tentatively identified as cearulescenoside and echinacoside, respectively [12a] . Further MS 2 experiments of the m/z 785 ions yielded one main fragment ion at m/z 623 obtained by loss of either a caffeoyl or hexose moiety as [M-162-H] -. Its MS 3 spectrum exhibited two ions, at m/z 477 (for cearulescenoside) and 461 (for echinacoside).
Compound 4 showed a molecular ion [M-H]at m/z 799, which in MS 2 produced two fragment ions at m/z 623 due to a neutral loss of a feruloyl unit (-176), and 605 due to an additional loss of one water molecule. Further fragmentation was due to the loss of either rhamnose and glucose or a caffeoyl moiety producing the ions at m/z 477 and m/z 461, respectively. This fragmentation pattern corresponds to the phenylethanoid glycoside castanoside A ( Figure 1) The MS 2 spectrum of the pseudomolecular ion at m/z 755 of compound 6, forsythoside B, showed an intense ion at m/z 593 due to a loss of a caffeoyl moiety. Subsequent fragmentation in MS 3 yielded a fragment ion at m/z 461 after a loss of a pentose unit (apiose), and another fragment at m/z 447 due to a loss of a deoxyhexose unit (rhamnose). This was confirmed by using a reference compound and literature data [13a] . Compound 17, was also identified as a phenylethanoid glycoside considering its UV and mass spectra. The same molecular ion was detected as for compound 16, at m/z 769. Its fragmentation also produced another two ions at m/z 753 and 623, which were attributed to a loss of a CH 2 radical and a rhamnose unit, respectively. The subsequent loss of a feruloyl unit gave the ion at m/z 593. This compound was identified as poliumoside [6d].
Compound 18, leucosceptoside A, showed a deprotonated molecular ion at m/z 637 in the full MS scan and a fragmentation pattern characteristic of a feruloyl derivative similar to compound 12. Its identity was confirmed with a reference compound.
The fragmentation pathways of all compounds were in accordance with previously reported data from Kurmizbekmez et al.
[13c] and Han et al. [14a] . Compounds 5, 7, 8, 9, 13 and 17 were previously reported in different Teucrium species, such as T. belon (5, 7, 8 and 9) [14b], T. polium (9 and 17) [6d], T. canadense (7) and T. chamaedrys (7 and 13) [11] . Compounds 3, 4, 6, 12, 16 and 18 have not been previously described in Teucrium species, but they were reported in other plant species of the family Lamiaceae [12b, 15a-d] .
Flavonoids: Most of the compounds identified and described in this paper belong to the flavonoids family. In general, the extracts from Teucrium species contain flavonoid aglycones and flavonoid glycosides. Flavonoids commonly occur as flavonoid O-glycosides, in which one or more hydroxyl groups of the aglycone are bound to a sugar by a glycosidic O-C bond, which is an acid-labile hemiacetal bond. The effect of glycosylation is to render the flavonoid less reactive and more water soluble, so that glycosylation can be regarded as an essential form of protection in plants to prevent cytoplasmic damage and to store the flavonoids safely in the cell vacuole. In principle, any hydroxyl group can be glycosylated, but certain positions are favoured: the 7-hydroxyl group in flavones, flavanones and isoflavones, and the 3-and 7hydroxyl groups in flavonols and flavanols [15e]. From the UV spectra it can be seen that seven different aglycones of apigenin, luteolin, quercetin, diosmetin, kaempferol, cirsiliol and cirsimaritine (Table 1) Compound 14 had an [M-H]ion at 609. In the MS 2 spectrum, an ion at m/z 463 indicated a loss of 146 amu, indicative of a deoxyhexose sugar, which on further loss of 162 amu (a hexose moiety) finally produced an ion at m/z 301 (quercetin). Rutin (quercetin 3-rutinoside) has previously been reported in Teucrium species [10a] .
MS 2 fragmentation of compounds 19 and 20 showed a product ion at m/z 269, corresponding to apigenin and resulting from a loss of rutinose and glucose, respectively [10a] . So, these compounds were identified as apigenin 7-O-rutinoside and apigenin7-O-glucoside, respectively.
Compound 23 (previously reported in T. polium, by Harborne et al., [10a] ), produced a deprotonated molecular ion at m/z 607 and a main fragment ion at m/z 299. The loss of 308 amu is due to a rutinose unit. The ion at m/z 299 is indicative for the aglycone of diosmetin.
The flavonoid compound 27 produced a characteristic fragment ion [M-H-324]at m/z 285 due to a deprotonated molecular ion at m/z 609, implying that it is a diglucoside. The low relative abundance of the product ion at m/z 447 after loss of 162 amu is indicative of a cleavage between sugars. It was tentatively identified as kaempferol-7-O-diglucoside. Position 7 is favoured as the most common position for glycosylation [16] .
Compounds 22 Flavonoid p-coumaroylglucosides have characteristic UV spectra with a small band II around 270 nm, observed as a maximum in the spectra of monoacylated glycosides or just a shoulder in diacylated glycosides, and band I with a broad maximum at 315-325 nm and an inflection at around 350-370 nm (not so clear in diacylated glycosides). These compounds had not been previously identified in Teucrium species, but they were found in Sideritis species, also from the Lamiaceae [15c,17a].
Compound 15 followed an almost identical fragmentation pathway as that of compound 10. Eluting 2.7 min after compound 10, it allowed us to tentatively take into account a different glycosylation position of the same aglycone, luteolin. The analogous situation was observed for compounds 21 and 20. The same fragmentation patterns and differences only in the retention times between these two flavonoids indicated either a different glycosylation position or possibly a different hexose unit attached to the aglycon identified as apigenin. [18a] . According to the deprotonated molecular ion (m/z 285) and its fragment ions at m/z 241 and m/z 175, compound 28 was identified as luteolin. The aglycone apigenin (29) gave a molecular ion at m/z 269 and an analogous fragmentation mechanism as luteolin, with main fragment ions at m/z 149 and 151. Compounds 30 and 31 were identified from their UV spectra and characteristic fragments in their MS 2 spectra. The difference between these two compounds is only one hydroxyl group. They had deprotonated molecular ions at m/z 329 and m/z 313 for cirsiliol and cirsimaritin, respectively.
Compound 26 was not identified, but its fragments were separately and tentatively identified. It showed an [M-H]ion at m/z 783. MS 2 fragmentation showed a loss of 132, 176 and 308 amu implying a loss of pentose, feruloyl and rutinose units, respectively, which led to ions at m/z 651, 607 and 475, respectively. The final recognizable ion was the one at m/z 329 indicating the presence of the aglycone cirsiliol.
Quantitative analysis. The quantification of all polyphenolic compounds was achieved using standard solutions of caffeic acid, verbascoside, rutin and luteolin as representative of their own group of polyphenols (Table 2 ). Total phenolic content was determined as a sum of hydroxycinnamic acid derivatives, phenylethanoid glycosides, flavonoid glycosides and flavonoid aglycones.
The total phenolic content (mg/g dry herb) ranged from 28.2 (T. montanum) to 52.1 (T. chamaedrys). The total amount of hydroxycinnamic acid derivatives in Teucrium extracts ranged from 0.02 for T. polium to 1.54 mg/g dry herb for T. scordium. 5-Caffeoylquinic acid was found in all studied samples, whereas caffeic acid was not detected in T. polium. These compounds represent less than 1% of the total phenolics in all Teucrium extracts, except for the sample of T. scordium where they constitute 5% of the total phenolics ( Figure 2) .
Phenylethanoid glycosides were the most abundant group of polyphenols in the studied samples with the highest content ranging from 18.6 mg/g dry herb for T. scordium to 47.3 mg/g dry herb for T. chamaedrys. The contribution of phenylethanoid glycosides to the total phenolic content was around 60% for T. polium and T. scordium and around 90% for T. montanum and T. chamaedrys. Forsythoside B (6) was the most abundant compound in T. montanum, T. chamaedrys and T. scordium and its contribution to the total phenolics was around 74% for T. montanum and around 36% for T. chamaedrys and T. scordium. In the extract of T. polium, the most abundant compound was samioside (12), which contributed 52% to the total phenylethanoid content and 33% to the total phenolics.
Total content of flavonoid glycosides ranged from 2.2 mg/g dry herb to 10.2 mg/g dry herb for T. montanum and T. polium, respectively ( Table 2 ). The contribution of these compounds in the total phenolic content was around 7% for T. montanum and T. chamaedrys and around 30% for T. polium and T. scordium. Phenylethanoid glycosides, together with flavonoid glycosides comprised up to 90% of the total phenolic content. The total amount of flavonoid aglycones ranged from 0.6 mg/g dry herb for T. scordium to 2.6% mg/g dry herb for T. polium, representing around 2% for T. chamaedrys and T. scordium and around 4% and 7% for T. montanum and T. polium, respectively.
Chemotaxonomic discussion: Regarding the chemotaxonomy, we have compared our results with the published data, mainly with the most comprehensive study of aerial tissues of 42 European taxa of Teucrium [17b]. For T. polium, 8 phenylethanoid glycosides and one hydroxycinnamic acid were found in our study, which are an additional contribution to its chemotaxonomy. Regarding the flavonoid aglycones, we have identified 5 components, which complied with the reported data, except for cirsilineol [17b], which was not detected. When comparing flavonoid glycosides (apigenin-7-glucoside, luteolin-7-rutinoside, 
Extraction of phenolic compounds:
Milled plant material (1 g) was extracted with 100 mL of methanol by maceration for 24 h. The extraction was performed in an Erlenmeyer flask under ambient conditions. The liquid was decanted and another portion of 100 mL methanol was added to the plant material, which was sonicated for 45 min. After filtration, both liquid portions were combined and evaporated to dryness at low pressure (40ºС, 230-100 mbar). The residue was dissolved and made up to 10 mL with methanol and this solution was used for LC/DAD/ESI-MS n analysis.
LC/DAD/ESI-MS n analysis:
Chromatographic separations were carried out on a 150 mm x 4.6 mm, 5 µm XDB-C18 Eclipse column (Agilent, USA). The mobile phase consisted of 2 solvents: 1% formic acid in water (v/v) (A) and methanol (B). The gradient elution program was as follows: 0-5 min, 10-15% B; 5-25 min, 15-40% B; 25-30 min, 40% B; 30-50 min, 40-55% B, and 50-60 min, 55-100% B. The flow rate was 0.4 mL min -1 and the injection volume 20 µL. The HPLC system was equipped with an Agilent 1100 series diode array and mass detector in series (Agilent Technologies, Waldbronn, Germany). It consisted of a G1312A binary pump, a G1329A autosampler, a G1379B degasser and G1315D photo-diode array detector, controlled by ChemStation software (Agilent, v.08.03). Spectral data from all peaks were accumulated in the range 190-600 nm and chromatograms were recorded at 350 nm for flavonoid glycosides and their acylated derivatives and at 330 nm for phenylethanoid glycosides and hydroxycinnamic acids. The mass detector was a G2449A Ion-Trap Mass Spectrometer equipped with an electrospray ionisation (ESI) system and controlled by LCMSD software (Agilent, v.6.1.). Nitrogen was used as nebulising gas at a pressure of 65 psi and the flow was adjusted to 12 L min -1 . The heated capillary and the voltage were maintained at 325ºC and 4 kV, respectively. MS data were acquired in the negative ionization mode. The full scan covered the mass range from m/z 100-1200. Collision-induced fragmentation experiments were performed in the ion trap using helium as collision gas, with a voltage ramping cycle from 0.3 up to 2 V. Maximum accumulation time of the ion trap and the number of MS repetitions to obtain the MS average spectra was set at 300 ms and 5, respectively.
Phenolic identification and quantification: The identification and peak assignment of all phenolic compounds was based on comparison of retention times, UV-Vis and mass spectral data with those of standards and published data. They were quantified using peak areas from UV-DAD chromatograms of each peak measured at the corresponding wavelength where an absorption maximum is exhibited. Hydroxycinnamic acids were quantified using caffeic acid as external standard at 330 nm, phenylethanoid glycosides at 330 nm and expressed as verbascoside equivalents, flavonoid glycosides with rutin at 350 nm, and flavonoid aglycones as luteolin equivalents at 350 nm.
